Premixed Charge Compression Ignition (PCCI) is a combustion concept that holds the promise of combining emission levels of a spark-ignition engine with the efficiency of a compression-ignition engine. In a short term scenario, PCCI would be used in the lower load operating range only, combined with conventional diesel combustion at higher loads. This scenario relies on using near standard components and conventional fuels; therefore a set of fuels is selected that only reflects short term changes in diesel fuel composition.
INTRODUCTION
Driven by the debate on potential adverse health effects of particulates and the environmental impact of nitric oxides (NO x ) emitted by conventional compression ignition (CI) engines, legal emission limit values for road transport vehicles are continuing to decrease. Since current diesel combustion technology results in NO x and soot levels much higher than the limits imposed by the current (Euro V, US 2010) and forthcoming (EURO VI) emissions legislation, after treatment systems based generally on Selective Catalytic Reduction (SCR, [1] [2] ) and Diesel Particulate Filtration (DPF, [2] ) technologies have to be used for the reduction of NO x and soot, respectively. These systems are expensive, require maintenance and introduce a fuel consumption penalty due to the associated higher back pressure and active regeneration cycles. The development of combustion technologies with intrinsically lower NOx/soot emissions can minimize the after treatment system requirements and thus reduce related costs.
Combustion temperature, and therewith NO x levels, can be lowered by running lean, pre-mixed or by using exhaust gas recirculation (EGR) to change the trapped mass composition [3] . Smoke levels are generally reduced by promoting more mixing of fuel and air before combustion starts. Premixed Charge Compression Ignition (PCCI) combustion is characterized by using EGR and early fuel injection, compared to that of conventional diesel combustion, to enable premixing of fuel and air and to lower the combustion temperature. As this (partially) premixed charge is brought to auto-ignition, low NO x and soot levels are experienced [4] [5] [6] [7] .
With conventional Heavy Duty Direct Injection (HDDI) hardware and diesel fuels a number of challenges are present for PCCI. The high boiling range of current diesel fuels has the intrinsic risk of wall-wetting, when injecting early [5, [8] [9] . These fuels have Cetane Numbers of 40 to 60 and are very prone to auto-ignition [10] . In order to reduce smoke, this auto-ignition needs to be delayed to allow better mixing of fuel and air before heat release occurs. One of the problems of more pre-mixed combustion could be a high heat release rate, which can lead to unacceptably high pressure rise rates (PRR) and noise [4] .
In a short term scenario, using near standard components and conventional fuels, the challenges posed above should be met with a smart choice of operating conditions, but still in a limited operating range. This can, however, well be in line with common strategies that are explored to meet the Euro VI and EPA13 directives. These require effective combinations, both in costs and CO 2 emission, of different Low Temperature Combustion (LTC) concepts, advanced fuel and air delivery circuits and emission after treatment systems.
In a long term scenario, both engine hardware and fuels can be adapted to overcome these challenges. One can think of variable fuel composition, for instance Dieseline [11] , where any blend of gasoline and diesel can be prepared in real time to suit the ignition delay requirement of the engine's operating point. To investigate the fuel quality impact on the abovementioned combustion process in both scenarios, a series of exploratory tests has been performed. These tests are divided into two parts, each with their appropriate operating conditions and set of fuels. In the Results section, these parts will be successively addressed.
EXPERIMENTAL SETUP

EXPERIMENTAL APPARATUS
The CYCLOPS, as described in [5, 6] , is a dedicated engine test rig, designed and built at the Eindhoven University of Technology (TU/e), based on a DAF XE 355 C engine, see Table 1 . Cylinders 4 through 6 of this inline 6-cylinder HDDI engine operate under the stock DAF engine control unit; together with a water-cooled, eddy-current Schenck W450 dynamometer they are only used to control the crankshaft rotational speed of the test cylinder, i.e. cylinder 1. When data acquisition is idle, for instance during engine warm-up or in between measurement series, the CYCLOPS is only fired on the three propelling cylinders. Once warmed up and operating at the desired engine speed, combustion phenomena and emission formation can be studied in the test cylinder. Apart for the mutual cam-and crankshaft and the lubrication and coolant circuits, the test cylinder operates autonomously from the propelling cylinders. Stand alone air, EGR and fuel circuits have been designed for maximum flexibility as will be discussed below.
Fed by an Atlas Copco air compressor, the intake air pressure of the test cylinder can be boosted up to 5 bar. The pressure set point can be programmed from the engine control room and pressure is regulated by a pressure controller, which receives its input signal from a pressure sensor mounted in the intake manifold of the test cylinder. The fresh air mass flow is measured with a Micro Motion Coriolis mass flow meter, see [12] .
Non-firing cylinders 2 and 3 function as EGR pump cylinders, see Figure 1 , the purpose of which is to generate adequate EGR flow, even at 5 bar charge pressure and recirculation levels in excess of 70%. The EGR flow can be cooled both up-and downstream of the pump cylinders, down to ca. 30 °C, using a variable flow of process water as a coolant medium. EGR mass flow is both measured with a Coriolis mass flow meter, and estimated from the fresh air mass flow and computations regarding the volumetric efficiency. Several surge tanks, to dampen oscillations and ensure adequate mixing of fresh air and EGR flows, and pressure relief valves, to guard for excessive pressure in the circuit, have been included in the design. Fuel to cylinder 1 is provided by a double-acting air-driven Resato HPU200-625-2 pump, which can deliver a fuel pressure up to 4200 bar. An accumulator is placed near (~ 0.2 m) the fuel injector to mimic the volume of a typical common rail and dampen pressure fluctuations originating from the pump. The steady state fuel mass flow is measured with a Micro Motion mass flow meter. A prototype common rail injector is used which can inject the fuel with a pressure up to 3000 bar. The nozzle used for these experiments has similar characteristics to the nozzle used in [5] , which gave the best performance in the Late DI PCCI regime. This nozzle has 8 holes of 0.151 mm diameter with a cone angle of 153 degrees.
For measuring gaseous exhaust emissions a Horiba Mexa 7100 DEGR emission measurement system is used. Exhaust smoke level (in Filter Smoke Number or FSN units) was measured using an AVL 415 smoke meter three times per operating point, of which the average is used. The engine is equipped with all common engine sensors, such as intake and exhaust pressures and temperatures, and oil and water temperature. These quasi steady-state engine data, together with air and fuel flows and emission levels are recorded at 20 Hz for a period of 40 seconds by means of an in house data acquisition system (TUeDACS), see [12] . The average of these measurements is taken as the value for the operating point under investigation.
Finally, a SMETEC Combi crank angle resolved data acquisition system, see [5] and [6] , is used to record and process cylinder pressure (measured with an AVL GU12C uncooled pressure transducer), intake pressure, fuel pressure and temperature and injector current. All of these channels are logged at 0.1 °CA increments for 50 consecutive cycles, which is common practice in combustion indication. From these data the average and standard deviation of important combustion parameters, such as CA10, CA50 and IMEP are calculated online by the SMETEC software.
EXPERIMENTAL PROCEDURE
Prior to a measurement series, the engine speed is set to a desired value and the engine is warmed up until lubrication oil and coolant fluid temperatures are 90 and 80 °C, respectively. All operating conditions are set to their desired values and the test cylinder is fired at a conventional timing to heat the combustion chamber and exhaust. Measurements are only started after the CO2 content of the exhaust flow has stabilized.
In all experiments a single injection per cycle is used. For each fuel, the injection duration is determined which is necessary for a certain target load in the conventional combustion regime. This injection duration is then kept constant, while varying start of actuation and other operating conditions. For each fuel and actuation duration, the average fuel mass flow is used with the resulting IMEP to compute the Indicated Specific Fuel Consumption (ISFC). By doing this, ease of measurement is greatly increased compared to keeping IMEP constant and varying the injected fuel mass accordingly.
For every combination of operating conditions under investigation, a sweep of start of actuation (SOA) of the injector will be performed. For every SOA, the engine is stabilized for at least 60 seconds and until the standard deviation of IMEP is below 0.1 bar. Starting from conventional CI timings, SOA is advanced at 5 degree increments, skipping SOAs at which combustion is not acceptable. Acceptable combustion in this aspect is defined by both engine hardware limitations and combustion quality targets.
DATA ANALYSIS AND DEFINITIONS
When comparing emission levels and fuel consumption for heavy duty engines, it is common practice to calculate these brake specific, i.e. with respect to the power output at the crankshaft. In this test setup, not only the test cylinder is connected to the engine brake, so this is not possible. Therefore in this case the IMEP as calculated from the in-cylinder pressure signal is used. To be able to evaluate the combustion performance also with different intake pressures and varying exhaust back pressure, in all results presented the gross IMEP has been used to calculate indicated fuel consumption and emissions. Arguments for this procedure have been given in [21] CA10 is used to indicate start of combustion (SOC), because of its considerably higher stability compared to CA5. Analysis of logged injector actuation current and injection pressure data furthermore shows a constant 4 °CA lag between start of actuation (SOA) and start of injection (SOI) at the engine speed set at this study. Given the assumptions made above the following definitions are used to characterize combustion. Here CD is used to describe the average mixing time, while ignition dwell represents the separation between injection and combustion events.
• Start Of Injection = SOI = SOA + 4.
• Combustion Delay (CD) = CA50-SOI • Ignition Dwell = SOC -EOI.
• Ignition Delay = SOC -SOI.
CD is also used to characterize the transition between the conventional diesel combustion regime and the PCCI regime. As SOA is advanced from conventional timings, at first CD remains nearly constant. At even earlier timings, CD increases. These points, with this increased CD, are defined as PCCI combustion. Furthermore, fixed injection duration is assumed to represent a constant fuelling rate, for a certain fuel and fuel temperature. For each fuel and actuation duration an average measured fuel mass flow is used for computations. Specific emissions are computed from their respective concentrations by using their molar weights. Only NO x is treated as NO 2 , in line with European legislation. Smoke emission is computed from the measured FSN, using an empirical correlation.
FUELS SELECTION PART 1: DIESEL-LIKE
For the short term scenario, fuels are selected that both reflect short term changes in diesel fuel composition and which are expected to be compatible with current conventional CI diesel engines (see Table 2 ). The European diesel fuel selected (EN590) reflects the current trend in Europe towards lower density, low-sulphur, low poly-aromatic diesel fuels with relatively high Cetane Numbers and a lower final boiling point temperature. In the United States (US), until now, diesel fuels are characterized by a significantly lower Cetane Number. Testing such a fuel can give an idea of the effects of a somewhat lower CN and might show whether such a cheap, readily available distillate fuel makes a good PCCI fuel. In 2009 the European Commission has decided in Directive 2009/28/EC that the share of energy from renewable sources in the transport sector must amount to at least 10% of final energy consumption in the sector by 2020. For diesel, the most likely scenario is therefore the increased blending of biodiesel with petroleum derived distillate diesel. A second reason for selecting biodiesel is the fact that it is composed of a different kind of molecules than conventional distillate diesel. Although the EC directive sets a minimum bio fuel content, there is no upper limit on the maximum bio fuel percentage, apart from that of course any fuel blend should fulfill the fuel characteristics for diesel fuel, as laid down in other regulations (such as EN590). Given that the base fuel already has about 5% RME, and in view of the above, not pure RME but a test blend of the reference diesel with an added RME content of 30% is used.
With current diesel fuels, because of their high upper boiling point temperature, injection of fuel early in the compression stroke might result in wall-wetting, because vaporization is slower or even incomplete due to the lower gas temperature and density at these timings. A comparison of the HC emissions from pure n-heptane (n-C7) with those from regular diesel should give an indication of the potential gains that could result from lowering the boiling point range of current diesel, since their Cetane Numbers are similar. As nheptane is often used as a single component fuel for diesel spray and combustion modeling, comparing these two fuels can tell if this assumption is valid for PCCI combustion.
PART 2: LOW-REACTIVITY DIESEL
In a longer term scenario, both engine hardware and fuels can be adapted to overcome intrinsic PCCI challenges. At higher loads and at 15:1 compression ratio, necessary for good full load efficiency, a less reactive fuel is likely to be required to delay auto-ignition and phase combustion correctly. To evaluate the effect of lowering diesel fuel reactivity, the reference diesel is blended with Shellsol A100, which is an aromatic solvent with diesel-like properties except for a much lower reactivity and a somewhat higher volatility, see Table 3 . Both the reference diesel fuel and two initial test blends have been tested in an ignition quality tester (IQT) to determine their derived Cetane Numbers. The blends given in Table 4 have been determined by inter-and extrapolating the results of these IQT tests, assuming linear blending rules. In all results, the assumed CN is used to denote these blends. 
MEASUREMENT MATRIX
All tests were done at 1200 rpm, representative of the engine speed of a typical road transport vehicle at highway cruising speed. This also is near the B speed in the European Stationary Cycle (ESC). Fuel injection pressure is set to 1500 bar and fuel temperature near the injector is 30 °C. The EGR flow is heavily cooled using cold process water, resulting in an EGR temperature of ca. 300 K.
To limit end-of-compression temperature in order to avoid premature auto-ignition, the geometric compression ratio of the test cylinder was lowered by means of thicker head gaskets. For the first part of this series compression ratio has been set to 12:1.
Auto-ignition chemistry is mainly governed by chemical kinetics. Therefore, control of the combustion phasing is not only dependent on fuel type but also on in-cylinder conditions, see [6] . These in-cylinder conditions, characterized as the temperature (T) -pressure (p) -equivalence ratio (φ) history in this series, are influenced using different levels of the following parameters: Fuelling rate / EGR level / Intake pressure, Table 4 . All possible combinations are tested, taking the limitations mentioned above into account. The second part of the measurement series focuses on determining the operating range of blends with different reactivity. Low reactivity blends can be used to delay auto-ignition and phase combustion correctly when the compression ratio is increased to 15:1, necessary for good full load efficiency. To also investigate the performance of the fuels at higher loads, the combinations from Table 5 are tested. These points have proven to be the most significant in initial tests with more combinations. 
RESULTS AND DISCUSSION -PART 1 OF 2
The results from this experimental study are divided into two parts, for the respective sets of fuels. In this section the results of fuels for the short term PCCI scenario are discussed. In view of the large quantity of results acquired, only a selection of the operating points tested is presented here. The results presented below correspond to an actuation duration of 850 microseconds, except for nheptane where the injector was actuated for 900 microseconds to achieve the 4 bar target IMEP.
COMBUSTION PHASING
For the four fuels under investigation in this part the combustion phasing is characterized by CA50 and the Combustion Delay (CD=CA50-SOI). Of course these two are coupled for a fixed SOA. CA50, defined as the crank angle at which half of the injected mass has burned, gives the combined result of both ignition delay and the speed of combustion. The CD in turn is a parameter which represents the (average) mixing time and is used here to identify the transition from conventional to PCCI combustion.
Although n-heptane has the same ignition behavior in terms of CN as the EN590 diesel fuel, from Figure 2 it can be seen that at least for the conditions under investigation here, combustion phasing differs significantly. Especially for earlier timings, n-heptane shows a big difference in CA50 compared to other fuels with the same CN. The same trends were measured for CA5 (not shown). Clearly the standardized CN test does not represent ignition quality for the operating conditions under investigation. Presumably, for these operating conditions, the high volatility of n-heptane has a larger effect on ignition delay than during the standardized CN test. Still, the effects shown could also result from low-temperature chemical kinetics playing a more important role. 
TDC this difference can have a large impact on efficiency. Also for small CDs, see Figure 3 , the relative difference is significant. For the biodiesel blend, no significant differences in reactivity are observed with the reference EN590. 
PERFORMANCE
The performance of different fuels is characterized by the indicated specific fuel consumption (ISFC), where the fuelling rate is normalized for a constant load and thus the differences in density are taken into account. Because of different combustion delays, in Figure 4 the ISFC is shown against CA50, thereby enabling comparison at similar combustion phasing. The curves visible in this figure represent SOA sweeps, with the rightmost points starting at late timings, and CA50 earlier for earlier SOA timings. For even earlier injection timings CA50 stabilizes while fuel consumptions worsens, as will be shown below. While all the fuels have nearly the same IMEP, fuel consumption shows some differences. Clearly the EU diesel is the best performing fuel, followed by the US diesel and n-heptane. Worst performing is the biodiesel blend, obviously due to a significantly lower energy density. While comparing the ISFC for a fixed CA50 gives an idea of the energy density and thermal efficiency for each fuel, the ISFC is also plotted against CD for all operating points ( Figure 5 ). Here one can see that in the PCCI regime, with an elongated CD fuel consumption is correlated with the CD, as will be shown in the section below. For a constant CD the fuel consumption for the US and EU diesels is similar. To take into account the differences in lower heating values, approximate values as given in Table 2 are used for the energy densities of the fuels to compute the thermal efficiency, as shown in Figure 6 . The EN590 diesel has the highest efficiency for a certain CA50. All other fuels perform slightly worse. The fact that the European diesel fuel has this significant higher thermal efficiency could result from not all LHVs having been measured in the same series. Assuming a higher value of 43 MJ/kg for the LHV of diesel (which is more in line with commonly reported values) would put the thermal efficiency in line with that of the other fuels. Figure 6 furthermore confirms that the bad performance of the biodiesel blend in Figure 4 can be fully attributed to its lower energy density. Thermal efficiencies are all quite low, but this is as expected for the compression ratio of 12. 
HC AND CO EMISSIONS
Lowering the boiling range of a conventional diesel fuel might be a solution to reduce presumed wall wetting. In this section, the fuel effects on hydrocarbon and CO emissions are discussed to check this assumption. When comparing ISHC emissions at a constant SOA, see Figure 7 , a clear distinction between the fuels is visible. From these results, the North American diesel fuel clearly performs worst. The biodiesel blend and n-heptane perform best, with the reference EN590 diesel fuel in between. Also the trend with high levels both at late and early timings, with much lower levels in between, is clearly visible. The same trends occur for CO emissions (not shown). These findings are largely attributable to the mixing time associated with the different fuels. When looking at a constant CD, certainly when only taking points from the PCCI regime (with elongated CD) into account, this effect becomes clearly visible. First, in Figure 8 the effects of fuel composition on the HC emissions are shown. Here the trend is that HC emissions increase for longer CDs. While for the European and North American diesel fuels this correlation is nearly the same, for the biodiesel blend the trend is somewhat lower. This effect can be explained by three reasons. First, local temperatures can be higher with biodiesel blends than for regular diesels, see [13] . In this reference it is proposed that these local combustion temperatures can be higher due to reactions occurring in mixtures that are closer to stoichiometric, due to the oxygen content of biodiesel. For the same initial conditions (p, T) full oxidation of the fuel is then somewhat more likely. Most of this difference, however, should be attributed to the fact that the boiling range of the biodiesel used is towards the upper end of that of regular diesel. For the same mixing time, this heavier fuel is expected to be less likely to suffer from overleaning. If premixed burn occurs in a too lean mixture, local combustion temperatures remain low, with the chance of flame extinction. As shown in [14] and [15] lower injection pressure can help in this matter. As in the PCCI regime injection pressure are generally not required to be very high, lowering fuel pressure can be an efficient strategy to prevent overleaning. Together with the better intrinsic oxidation associated with the oxygen-containing bio fuel, these effects are thought to result in low HC and CO levels for every CD.
Because n-heptane has a much lower boiling point than the other fuels, overleaning is more likely to occur for this fuel. Looking at HC emissions, indeed this assumption seems valid. For every CD longer than 18 °CA, HC emissions are significantly higher than those of regular diesels. Indeed, for a constant SOA these HC emissions are low, but this is entirely due the shorter CD. For the same CD, the higher volatility even worsens HC emissions. For CO (Figure 9 ) however, the assumed volatility effect is not visible when using n-heptane. Between the two diesel fuels, no significant differences can be seen for CO emissions. Overall, although small differences are visible between the fuels, the CD, or mixing time, is still the dominant parameter. 
SMOKE EMISSIONS
Smoke emissions have proven to be very difficult to compare among the different fuels. As in these experiments advanced fuel injection equipment, low loads, a nozzle with small holes and an already relatively high injection pressure are used, the absolute smoke emission levels are quite low. For almost all points smoke levels are under the Euro VI level of 0.01 g/kWh. In an attempt to show differences originating from fuel composition, only results are presented for the highest load, with the highest in-cylinder equivalence ratio. Though not all SOA can be used for all fuels, at these conditions it is the best comparison possible from the investigated points.
For all operating conditions and loads under investigation, n-heptane did not produce any significant smoke levels, see Figure 10 . This phenomenon is directly related to its paraffinic structure, as compared to the aromaticity of normal diesel fuels and to faster mixing through a lower boiling point. Although smoke levels are low, the EN590 diesel clearly benefits from an increased CD. An only slightly elongated mixing time already reduces smoke levels to near zero. For all SOA the US diesel has much lower, near zero smoke levels. It is clear, however, that this largely comes from the longer CD associated with its low Cetane Number. This also shows that, at least for smoke emissions, the trend of ever increasing CN is not desired. Unfortunately, since the polyaromatic content is not known for the US diesel, no conclusions can be drawn about the effect of these polyaromatics. Finally, although the biodiesel blend mixes slightly worse because of its lower volatility, its oxygenation makes that smoke levels are significantly lower than those experienced with conventional diesel fuels.
NO X EMISSIONS
To compare NO x emission levels for different fuels, an operating point using 30% EGR is chosen. This relatively low EGR percentage obviously gives higher NO x levels than the 60% EGR point discussed up to now, making the comparison of different fuels more significant. In the conventional diesel combustion regime, at relatively late injection timings, the common NO x -SOA trend is experienced: NO x emissions increase as combustion is advanced towards the most efficient phasing. On the difference between the fuels, however, no clear trend can be seen. As SOA is advanced, resulting in slightly elongated CDs, from a CD of ca 20 deg CA one can clearly see the trend of decreasing NO x levels with CD, see Figure 11 . Differences between the fuels could originate from different volatility or flame temperatures. As no significant differences can be seen between the fuels, both effects are either counterbalancing or insignificant compared to the effect of the mixing time. For this moderate EGR level, the current Euro V NOx legislation limit of 2 g/kWh is already approached at a moderate CD of 30 deg CA. The upcoming Euro VI limit of 0.4 g/kWh is achieved at a longer CD of 45 degrees. Using more EGR, NOx levels can be decreased below current legislation limits, already at much lower CDs, which is beneficial with respect to the increasing effect of CD on HC and CO emissions.
PRESSURE RISE RATE
Pressure rise rate is of great importance especially in light duty engines, where noise is a big issue with diesel fuel at low loads. Recent research [21] has shown that both the level of stratification and CA50 are of great influence on this maximum pressure rise rate. Because the composition and the Cetane Number of the fuel were found to influence the combustion phasing significantly, it is expected that these will also affect maximum pressure rise rate. As can be seen from Figure 12 indeed the US diesel, having both the latest CA50 and the longest mixing time and thus the most homogeneous, lean mixture, has the lowest maximum pressure rise rate. nHeptane, which was seen to have the earliest CA50 and shortest CD, has the highest pressure rise rates. Figure 12 Maximum pressure rise rate vs. SOA Certainly when injection is advanced into a more and more premixed combustion regime, a certain level of homogeneity is achieved for all fuels. CA50 than stabilizes and is decoupled from Start of Actuation. As the mixture gets more time to premix, locally the mixture gets leaner and leaner and after ignition burns more slowly. Maximum pressure rise rates are then reduced significantly. 
RESULTS AND DISCUSSION -PART 2 OF 2
Above it was shown that a low reactivity fuel can be used to efficiently reduce NO x and smoke levels and can help to phase combustion correctly. In this section a number of low reactivity fuel blends are compared. This lower reactivity is expected to provide an elongated CD. Together with the higher ignition resistivity the more premixed charge associated with a higher CD can give an unignitable mixture, as will be shown below. It should be noted that the conditions presented below are chosen to illustrate the effect of the different fuels on phasing and emissions and do not give the best achievable results for the emission levels.
COMBUSTION PHASING
The Cetane Number represents a fuel's ignition delay under specified conditions. In Figure 14 it is shown that this trend also holds for the operating conditions under investigation here. The differences between diesel and the CN40 blend are not significant, which is according to expectations for the compression ratio used. For the other blends the trend of increasing ignition delay with decreasing (derived) Cetane Number is clearly visible, both in the conventional combustion regime and for PCCI combustion. Figure 15 it is noteworthy that for conventional operating points no clear difference in CD can be seen between the different fuels. This implies that the difference in ignition delay is offset by a higher combustion speed. For the PCCI regime, this does not seem to hold. In this regime, the lower reactivity clearly accounts for a higher combustion delay. Also from this graph the clear distinction between conventional and PCCI combustion can be seen in the decoupling of injection and combustion for timings earlier than -20 aTDC. With the higher reactivity fuels a number of points cannot be measured because of excessively high pressure rise rates. The low reactivity fuels suffer less from this issue. These low reactivity blends however achieve high combustion delays and relatively late timings. At even earlier timings combustion delay becomes too large, which causes the charge to become too premixed and locally too lean to ignite. As such the CN20 blend was not usable for the operating conditions under investigation. The long ignition delays at this low load point create too lean mixtures, which fail to ignite under these conditions.
PERFORMANCE
In Figure 16 , the measured ISFC is plotted against CA50 of the four SOA sweeps. For a fixed CA50, fuel consumption worsens with lower fuel reactivity. This is, however, largely attributable to the lower energy density of the additive compared to the diesel base fuel. At earlier timings the combustion delay is longer for the low reactivity blends, from which combustion efficiency suffers, as will be shown in the section below. levels below legislated limits. However, for other conditions with for instance higher EGR levels, NO x is much lower for the same combustion delay and this combustion delay can be shorter while still meeting emission targets. ShellSol A100, being a 98% C9/C10 Aromatic hydrocarbon solvent, has a somewhat lower LHV than the more aliphatic regular diesel fuel. As the blends consist of up to 58% of this aromatic solvent, this slightly influences the specific fuel consumption. Because the exact lower heating values of neither the components nor the blends are known, it is not possible to exactly compensate for this. From the loglog plot of pressure vs. volume, given as an appendix in Figure 19 , one can see a slight difference between the four pressure traces at end of expansion. It is hypothesized that this pressure difference and the resulting lower IMEP originates from differences in heat loss. The higher heat loss for the low reactivity fuels could have its origin in combustion happening closer to the cold cylinder walls. Overall, for all fuels, thermal efficiency has significantly benefitted from the higher compression ratio
HC AND CO EMISSIONS
As shown in the first part of the results, the lower temperatures associated with a more premixed charge make that combustion efficiency worsens with combustion delay. As for the diesel-like fuels, also with the low reactivity fuels under investigation here, HC-( Figure 17 ) and CO-emissions (not shown) greatly correlate with combustion delay. 
NO X EMISSIONS
The operating conditions used to show the trends in this part of the results, have very high NO x levels. However, the trend that NO x emissions are efficiently reduced with CD is clear. The lower combustion temperatures, which give higher HC and CO emissions, also make that NO x is efficiently reduced. For the conditions shown here, a very long combustion delay would be necessary to lower NO x 
SMOKE EMISSIONS
shown to be very low sooting, which does not make a fair comparison between the fuels possible. on pressure, low loads and very small nozzle holes makes that no conclusions on sooting tendency fuels, however, it was shown that a longer CD reduces sooting efficiently. Therefore it is safe to in the first part, the US diesel, having a somewhat lower Cetane Number e Combustion Delay (CD = CA50-SoI). While this helps to phase combustion oke levels significantly. CO and HC emissions are, however, seen to increase impact is related to the combustion phasing and the resulting available mixing time. A longer mixing time for all fuels has a negative he .
e limited, since for the conditions under investigation, combustion phasing for n-heptane is proven to be significantly that of diesel. Because the combustion phasing is earlier for n-heptane and the resulting CD is shorter, all parameters , in ese blends, the same trends were found as in the first part. All emission levels as well as the efficiency are shown to greatly ombustion delay. However, the efficiency improved a lot due to the higher compression ratio. To be able to choose All points under investigation have The combination of a high injecti can be drawn. For the other set of assume that for this set of fuels, at higher sooting conditions a lower CN fuel, with its associated longer CD will also reduce soot significantly. As this also reduces NO x , this is a way to break the common NO x /soot trade off.
SUMMARY AND CONCLUSIONS
At the relatively low compression ratio under investigation than European diesels, was shown to effectively increas correctly, the increased mixing time reduces NOx and sm with mixing time, and the resulting poor combustion efficiency has a negative effect on fuel consumption.
When comparing fuels of different composition in the PCCI regime, the CD is seen to be the dominant parameter. While other differences between fuels, for instance in volatility and reactivity, have their own effects on emissions and performance, the major effect on combustion efficiency, CO and HC emissions and the associated fuel consumption. NO x and smoke levels, as well as t maximum pressure rise rate are effectively reduced, for the latter also because this allows combustion to be phased more after TDC Because of their composition, the biodiesel blend and n-heptane also have shown to produce very low smoke levels, as expected from literature.
n-Heptane was also investigated to verify its validity as a single component surrogate fuel for diesel modeling. This validity has proven to b different from associated with those are different. This means that when using n-heptane for modeling, CO and HC are generally underestimated while NO x levels will be overestimated. A better surrogate fuel would need to have the same auto-ignition characteristics for the conditions under investigation. A suggestion for such a fuel, consisting of n-decane, methylcyclohexane and toluene has been posed [16] .
For the low reactivity blends it was shown that the difference in Cetane Number has the desired effect of increasing combustion delay. For th correlate with the c the combustion delay according to the operating conditions, especially at this higher compression ratio, a low reactivity blend is necessary. The blend with an estimated CN of 25 was found to be the most flexible in being able to choose the optimum CD for the conditions and load used. This high flexibility enables the possibility for a CD to be chosen which meets NO x and smoke targets, without suffering from too high a loss of combustion efficiency. ctivity exists, it is highly desired that this reactivity can be varied in real time. Mixing two or more fuels before injecting their blend into the combustion has an intrinsic reaction time. Therefore will focus on the implementation of a port fuel injection system on the current setup. This will enable the port fuel injected and one directly injected, to change the fuel's reactivity in real time. 
OUTLOOK
Given that for different loads and conditions an optimum fuel rea upcoming research possibility to use two fuels, one Even with low reactivity fuels, it is not expected that PCCI is the most efficient solution for low emission operation at high load expected that a low reactivity fuel, which also has low emission levels in the conventional combustion regime, is desired for the loads. Within this perspective the application of certain bio-fuels, such as alcohols and second generation bio-mass deri oxygenates, is intriguing. Results from earlier research with cyclic oxygenates show very promising results even for th combustion regime [17, 18] . Using blends of diesel with these bio-derived oxygenates [19, 20] might be an extremely interesting concept in combination with high EGR as this provides a unique platform to reduce CO 2 , soot and NO x at the same time. 
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